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THERMAL ANALYSISOF A METALLICWING GLOVE FOR A MACH-8
BOUNDARY-LAYER EXPERIMENT

Leslie Gong" and W. Lance Richards’
NASA Dryden Flight Research Center

Edwards, CA
Abstract H, recovery enthalpy (for stagnation point use
H,, stagnation enthal py)
A metdlic “glove” structure has been built and
attached to the wing of the Pegasus-' space booster. An M, local Mach number
experiment on the upper surface of the glove has been Re, local Reynolds number

designed to help validate boundary-layer stability codes

in a free-flight environment. Three-dimensional thermal Rergy  transition Reynolds number
analyses have been performed to ensure that the glove
structure design would be within allowable temperature ~ SPAR Structural Performance and Resizing
limits in the experiment test sectior_l of the upper skip of SWAS Submillimeter Wave Astronomy Satellite
the glove. Temperature results obtained from the design-
case analysis show a peak temperature at the leading T temperature, °F
edge of 490 °F. For the upper surface of the glove, flight time, sec
approximately 3 in. back from the leading edge,
temperature calculations indicate transition occurs a&¢  TPATH  theoretical thin-skin aerodynamic heating
approximately 45 sec into the flight profile. A worst-case program (NASA Dryden computer
heating analysis has also been performed to ensure that program)
the glove structure would not have any detrimental X flow distance. ft
effects on the primary objective of the Pegasus™' launch. ’
A peak temperature of 805 °F hasbeen calculated onthe ~ V velocity, ft/sec
leading edge of the glove structure. The temperatures  gTw .
predicted from the design case are well within the gt rate of change of wall temperature, °F/sec
temperature limits of the glove structure, and the worst- a angle of attack, deg
case heating analysis temperature results are acceptable ' Bty
for the mission objectives. Stefan-Boltzman constant, —
hr ft" PR
Nomenclature AT temperature difference, °F

C solar and nocturnal radiation input, Etu by skin thickness, ft

ific heat, —otY_ ft/sec i 3
Cp speci ' om OFF P density, [bm/ft
F magnification factor Subscripts

local heat-transfer coefficient based on
lbm r boundary-layer recovery
enthal py, > _
ft"/sec S stagnation

H enthalpy, Btu/lbm W wall
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i value based on enthal py
|ntroduction

For decades, predicting accurate boundary-layer
transition has been a complicated and difficult endeavor.
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Accurate boundary-layer transition criteria can make or
break high-speed aircraft designs. The overdesign of the
structure can produce low thermal stresses but with an
excessive weight penalty, or the underdesign of the
structure can result from an overzealous determination
of the extent of laminar flow in the boundary layer.
Underdesign may cause the structure to thermally
buckle and result in a catastrophic failure. A practical
way of gaining insight into boundary-layer transition
can be attained through experimental flight test with
vehicles such as the Pegasus® (Orbital Sciences
Corporation, Fairfax, Virginia) space booster. The
primary purpose of this experiment is to support the
current efforts in validating boundary-layer stability
codes at high Mach numbers.

A metdlic glove has been fabricated and
instrumented for the wing of the Pegasus~ booster
rocket. Temperature measurements will be made to
determine boundary-layer transition location on the
metallic skin surface.

Cdculated temperature predictions have been
produced using a three-dimensiona finite-element
thermal model of the wing glove. The thermal analyses
have been performed using a finite-element thermal
analysis code caled the Structural Performance and
Resizing (SPAR) program.t

Various thermal analyses were performed to ensure
the safe design of the glove structure, provide
temperature distributions for additional thermal stress
analyses, and qualify the glove structure for flight.
Heating rates used in the SPAR program are calcul ated
using a NASA Dryden Flight Research Center
(Edwards, California) in-house code, a theoretical thin-
skin aerodynamic heating program called TPATH.
Results from two different heating cases using the SPAR
thermal model are presented in this paper.

Background

The PegasusD space booster is an air-launched, three-
staged solid rocket designed to deploy payloads
weighing a maximum of 1000 Ibs into low Earth orbit.
Figure 1 shows the physical dimensions of the Pegasus™
space booster, the location of the glove structure, and
the genera trajectory for first-stage burn. The booster
has an overall length of approximately 49 ft and a
wingspan of 22 ft. The cylindrical fuselage is
approximately 4.2 ft in diameter. The overall weight of
the booster is approximately 42,000 Ibm. The size,
shape, weight, and Mach range of the Pegasus- are
approximately the same as for the X-15 vehicle.

2

Glove Design

Previous thermal analysis work was conducted to
determine the glove material selection, skin thickness
sizing, and surface temperature response caused by
boundary-layer transition.? Details of previous work,
including the structural design, finite-element analysis,
and ground heating simulation tests, have been
published.®-8

Figure 2 shows a top-view schematic of the glove and
the glove location on the wing of the Pegasus- booster.
Figure 3 shows a cutaway view of the glove, which
consists of three main sections. a thick leading edge,
and upper and lower skins. The thick leading edge
provides sufficient heat sink capability to survive the
severe aerodynamic heating environment near the
stagnation region. The leading edge is rigidly attached
to the wing at a single location using four 0.25-in. steel
pins to restrain movement in all directions. To aleviate
thermal stresses, however, the leading edge is also
attached to the wing through a series of dotted
attachments, or guide blocks, that allow the leading
edge of the glove to thermally expand in the spanwise
direction. At the outboard tip of the glove, a modified
guide block is used to restrain the glove leading edge
only in the chordwise direction. Substantial details of
the design of the attachments and leading edge have
previously been published.?

The primary Pegasus~' glove structure is low-carbon
stedl that is nickel-plated to protect the surface from
corrosion and to provide uniform emissivity. The upper
skin of the glove is 0.0890-in. thick and is joined to the
leading edge with an overlap joint, fastened with a
double row of 0.1875-in. machine screws, and then
soldered. The solder is primarily used to fill the gap
between the skin and the leading-edge structure and to
promote heat conduction. The overlap solder joint is
located 3 in. back from the leading edge and is 0.5-in.
wide spanning the entire width of the glove. The solder
has a melting temperature of 430 °F. Because the lower
surface of the glove is not essential for the boundary-
layer experiment, latitude has been given for attachment
method and skin thickness. The lower skin thickness is
0.125in.

The upper and lower thin skins are held against a
contoured balsa wood foundation using a series of
spring-loaded swivel-stud assemblies (fig. 3). Figure 4
shows an enlarged view of the swivel-stud assembly. The
swivel studs are prel oaded with enough force to hold the
skin down normal to the contoured balsa wood surface
but still allow the skin to thermally expand aong the
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skin/balsa interface. The swivel studs are bonded to the
inner skin of the glove, and the balsa wood blocks are
bonded to the Pegasus-’ wing.

Glove I nstrumentation

Glove instrumentation includes thermocoupl es, static-
pressure ports, Preston tubes, Stanton gages,
accelerometers, hot films, strain gages, and a boundary-
layer rake with thermocouples, most of which are
installed on the upper surface of the glove structure.
Figure 2 shows the locations for three rows of
thermocouples and pressure ports instrumentation.

Thermal Analysis Boundary Conditions

Figure 5 shows the trajectory for the first stage of the
Pegasus- space booster. Thistrajectory wasintended for
the launch of the Submillimeter Wave Astronomy
Satellite (SWAS) and is the tragjectory used for these
analyses. Flight time, t, is 0 sec at the release of booster
from the carrier aircraft, and first-stage burn lasts for
69 sec. The Pegasus” booster reaches an altitude of
200,000 ft and avelocity of 8327 ft/sec beforefirst-stage
separation occurs at t = 79 sec.

Aerodynamic heating rates based on the SWAS
trajectory for the various locations on the glove structure
(or therma model locations) have been computed with a
NASA Dryden in-house computer program called
TPATH. The TPATH program was created and used
during the X-15 program (1959-1968). The accuracy of
the methods used in the TPATH program has been
verified by comparisons with measured flight data from
the X-15 research vehicle, the YF-12 airplane, and the
Space Shuttle Orbiter.”12

The calculated transient-heating rates provided by the
TPATH program are used as the heat loads in the SPAR
thermal model. The TPATH program uses the outer
moldline of the structure to determine expansion angles,
wedge angles, flow distances, and the leading-edge
radius. A cut at the midspan of the glove was used to
obtain the outer moldline.

Points on the outer moldline were selected for heating
rate calculations. Locations aft of the tangent point from
the leading edge are typically spaced every 1 in., and
seven locations are at or near the leading edge. These
seven locations are needed to give enough resolution in
the heating rates for the number of elements around the
leading edge used in the SPAR therma model.
The TPATH code solves the thin skin transient-
heating equation,

3

dTw

4
DWCpW?SWE-: Fh(H,-H,)-BT,+C, (1

and provides time histories of surface temperatures,
heating rates, and heat-transfer coefficients for selected
locations. An individual thermal massis associated with
each location where a heating rate is calcul ated.

For the TPATH computations, the heating rates can be
separated into three categories: the leading-edge area,
lower surface of the glove, and upper surface of the
glove. The TPATH program gives the user the option of
using several approximate convective-hesting theories,
depending on the geometry of interest. For the leading-
edge stagnation point, the Fay and Riddell theory’®
corrected to two-dimensional flow was used to calculate
the stagnation-point heating. Swept cylinder theory was
used to determine the local flow conditions around the
leading edge. The heating rate distributions around the
leading edge to the tangent point used the Lees theory.14
For the glove skin aft of the leading-edge tangent point,
Eckert's Reference Enthalpy method™® was used to
calculate the transient—surface heating rates for both
laminar and turbulent flow. The local flow conditions aft
of the tangent point were computed by the oblique shock
theory’® using an appropriate wedge angle to
approximate the blunt leading edge of the Pegasus-
wing. Those results were then used as inputs to the
Prandl-Meyer Expansion theory!’ to calculate
downstream local flow values.

Each external surface area of the SPAR thermal model
requires a heating rate input. Heating rates for other
chordwise locations of the SPAR thermal model were
obtained from the same set of heating rate tables
calculated for the midspan cut. To obtain the correct
heating rate table, the streamwise flow distance, x, is
measured at the particular chord location from the
leading edge, and the corresponding heating ratetableis
used at the same flow distance at the midspan location.
For locations on the SPAR thermal model where a
heating rate had not been cal cul ated, the nearest location
where a heating rate had been cal culated was used.

Figure 6 shows calculated aerodynamic heating rates
for various model locations for the design case. All
exposed model surface elements were subjected to the
appropriate heating rate for the element location.
At location C (the leading edge), a peak heating rate of
26.8 Btu/(ft%/sec) is shown. Moving aft from the leading
edge, the peak heating rates are substantially lower. The
upper-surface thin skin where the boundary-layer
experiment is located is subjected to substantially lower

American Ingtitute of Aeronautics and Astronautics



heating rates than the lower-surface thin skin because of
angle-of-attack effects. Figure 6 shows two calculated
heating rate time histories for the upper surface of the
glove at locations D and E. At location D, the heating
rate change from turbulent to laminar flow occurs earlier
than for location E. The transition criteria used in the
TPATH code was based on the combined factors of a
transition Reynolds number of 200,000 and a local
Mach number multiplier of 0.15 according to the
following equations:

log Re, >log Rergy +0.15 M| turbulent flow

@

log Re <log Repgy +0.15 M| laminar flow

If the log of the local Reynolds number is higher than
the transition criteria, then the equation for turbulent
flow is used. If the log of the local Reynolds number is
less than or equal to the criteria, then the equation for
laminar flow is used.

Two thermal analyses cases are shown in this paper,
one considered a design case and the other a worst case.
The more severe case has had the |leading-edge heating
rates artificially magnified by 1.9, and the transition for
the upper and lower surfaces of the glove locations have
been suppressed for the majority of the flight trajectory.
The worst case was developed to verify that the
Pegasus” could still complete its primary payload
insertion if the boundary-layer experiment were no
longer viable.

Thermal Models

Figures 7 and 8 show the full, three-dimensional
SPAR thermal model used for the entire glove structure.
This model consists of 6178 joint locations; 3777 solid,
eight-node conduction elements; and 187 solid,
six-node conduction elements. Each external surface
(on the eight-node or six-node conduction element)
exposed to aerodynamic heating has a radiation element
applied to the surface to represent the radiation heat loss
to space. Internal radiation from the steel glove
elements to other internal structural surfaces was not
included in this model. The model had 1811 external,
four-node radiation elements and 77 external, three-
node radiation elements. The swivel studs, wavy
springs, balsa wood structure, interfacing internal
substructure that connects the glove to the existing
Pegasus” wing, and Pegasus~ wing were not included
in the SPAR thermal model. Aerodynamic heating rates
(Btu/(ftzlsec)) were applied to the external surface of the
SPAR thermal model.

4

Results and Discussion

Figure 9 shows acomparison of the SPAR temperature
predictionsfor the design and worst case (the dashed and
solid lines, respectively). These locations were taken
from acut perpendicular to the leading edge of the glove
model. A peak temperature of 490 °F (for the design
case) can be seen at location C (leading edge) (fig. 9).
The worst-case heating analysis shows a leading-edge
temperature of 805 °F at t = 79 sec. Figure 9 also shows
locations D and E (upper surface) and A and B (lower
surface). The design-case temperature curves (fig. 9) for
the lower and upper surface of the glove (locations A, B,
D, and E) al have a sope change in the curves at
approximately 45-50 sec into the flight profile. This
slope change is an indication that transition from
turbulent to laminar flow has occurred.

The transition from turbulent to laminar flow occurs
earlier in time closer to the leading edge and moves
further aft on the glove structure later in the flight profile.
Figure 9 shows peak (design case) temperature val ues of
404 and 373 °F for locations D and E. For the worst case,
the temperature predictions for upper and lower surface
locations do not show a significant slope change in the
temperature curves, because the heating rates used were
calculated for turbulent flow for the majority of the flight
profile. For location C, the worst-case temperature time
history predictions were based on an artificially
magnified heating rate at the leading edge.

Figure 10 shows the SPAR temperature time histories
predictions for joints 121 and 122 on the upper surface
of the glove. Surface joint (or grid point) 121 is located
on the thick skin where the thin skin is soldered to the
leading edge, and the other surface joint, 122, is on the
thin skin (fig. 3). This location on the glove is critical
because any melting and flow of solder out of the gap
and onto the glove skin can perturb the boundary layer
and ruin the experiment. In addition, the joint would be
weakened because of a high temperature gradient. As
can be seen, the highest temperature gradient occurs
towards the end of the first-stage burn. Joints 121 and
122 are till at temperatures less than the solder melt
temperature of 430 °F at t = 79 sec.

Another critical location in the design of the glove
structure is at the interface between the lower skin and
the thick leading edge. Figure 11 shows the predicted
temperature time histories at two surface locations on
either side of thisinterface. Time history data at surface
joint 6146, which is located on the thick leading edge,
and surface joint 10696, which is located on the thin

American Institute of Aeronautics and Astronautics



skin, were used to determine the maximum temperature
gradient, and when it occurs during the flight. This
figure shows that a maximum temperature gradient of
170 °F/in. is predicted to occur at a trajectory time of
46 sec.

Figure 12 shows predicted surface temperatures on
the glove using the design-case and worst-case heating
rates as a function of distance aft of the leading edge at
t =79 sec. This plot indicates the maximum allowable
temperature of the solder joint and the alowable
temperature of the adhesive used to bond the swivel
studs to the wing glove. Figure 12 shows the location of
the solder joint (3in. back from the leading edge). The
solder has a melting temperature of 430 °F. The 520 °F
temperature limit line is the temperature limit of the
swivel-stud adhesive. A significant temperature margin
is shown for the solder joint for the design case, an
acceptable margin is shown for the worst case, and a
considerable temperature margin for the adhesive exists.

Another location to verify in the design of the gloveis
at the location of the first swivel stud attached closest to
the leading edge (4.72 in. aft) on the lower glove skin.
Figure 13 shows the predicted temperature distribution
on the lower glove skin using the worst-case and design-
case heating rates for atime dice at 79 sec into the flight
profile. At this critical time in the flight profile, the skin
temperature at the first swivel stud is well below the
adhesive temperature limit line (fig. 13).

Concluding Remarks

Thermal analyses have been performed for the final
design of the Pegasus’ wing glove intended for a
boundary-layer transition experiment. These analyses
were performed to provide temperature distributions for
thermal stress analyses. Temperature results have been
shown from two heating cases, the design case and a
worst case. The worst-case analysis was performed to
ensure that the glove structure would not fail
catastrophically and impair the successful deployment
of the PegasusD payload. The analysis for the design
case shows that the calculated temperatures are well
within the allowable temperature limits for the glove
design. At the critical location of the upper-skin solder
joint, a maximum temperature of 404 °F was cal cul ated,
which is well within the design temperature limit.
Transition from turbulent flow to relaminarization at this
location occurs at 45 sec into the flight profile.
Temperature values predicted on the glove structure
using an artificially magnified heating rate at the leading

5

edge and a significantly longer duration of turbulent
flow on the glove are still acceptable.

Surface temperatures on the glove upper skin for a
time slice at 79 sec at the solder joint location are below
the melting temperature of the solder for both analyses
using the worst-case and design-case heating rates.
Caculated temperatures at the first swivel-stud
attachment location on the lower glove skin are well
below the adhesive temperature limit at 79 sec into the
flight profile.
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Figure 3. Leading-edge glove structural detail.

Swivel-stud assembly

\Bondjoim

Washer

Steel skin J

Spring

End-grain
balsa

[
| ¥Washer 8
|
Adhesive ZLI»
_\ Swivel stud
— s N L

/ PegasusD wing
1/64 in. plywood cover

Figure 4. Swivel-stud attachment assembly.

980218

8
American Institute of Aeronautics and Astronautics



980220

Time, sec

g g
o
2«
= 2
< +—
o o ...m
o o
=3 =] 3]
o o
o o mu
I = Oq 1]
| | | | | | | | © 2 B
I 1 1 1 1 1 1 l o .=
1 1 1 1 1 1 1 -4 =
1 1 1 1 1 1 1 I [}
1 1 1 1 1 1 1 ..hl.
| | 1 | 1 1 | (@)
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ ~ —
” ” , ” ” ” ” ” °
” ” ” ” ” ” ” ” K
1 1 1 | 1 1 1 1 1 5
1 1 1 1 1 1 1 1 o et
itate Bl e e it Bt el St - it il Sl * {70 =
” ” ” ” , ” ” , ” ®
1 1 1 1 1 1 1 o
L Ty Ikl PR
| CoTT CooT , i , ! w X
o Ty ol ., 8
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 % .m
B ik SRR EEEE SERREEEI - SRS S LR I
1 1 1 1 1 1 | e ()
” ” ” ” ” ” ! D
” ” ” ” ” ” ” , ° ®
A, Foo Foo , , ” ® o
1 1 1 1 1 [ 1 ! ! O
” ” ” ” , ” ” ” S
1 1 1 1 1 1 =]
N \\r\\\L\\\L\\\A_\L\\\\ S -|© <
1 1 1 1 1 1 1 N ~
()
” : ” ” ” <t ! ” 8
5
” ” I = H 5 =
/N s Bls 5
1 1 1 1 1 1 [ 1 (7))
o —, 0 H] L o
1 1 1 1 1 i [ 1 dw.
1 1 1 1 1 1 T 1
[Te] o n o 5.|. o m
N N - — S
o - O
S3 Py X @
< £ o =)
=35 9 =N
2 o &
T o >
(I S IR A NS I NN S NN N = T
=
Te] o n o o o <
N N - - [@))
~ =
2. ¥ T
o © O :
c = O n .
< B o3
D =
o
L >

Figure 6. Predicted external aerodynamic heating rates at selected locations on the glove structure.
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Figure 7. Isometric view of the three-dimensiona finite-element thermal analysis model of glove.

Figure 8. View looking in the three-dimensional glove model.
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Figure 9. Comparisons of surface temperatures at selected locations on glove structure.
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Figure 10. Surface temperature comparisons for two nodes on thick- and thin-skin thickness of the glove structure.
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Figure 11. Comparisons of surface temperatures near the bolt location on thick- and thin-skin thickness of the glove
structure.
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Figure 12. Upper-surface temperature distribution on the glove structure at t = 79 sec.
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Figure 13. Lower-surface temperature distribution on the glove structure at t = 79 sec.
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